The biosynthesis of cladospirone bisepoxide (1) was investigated by feeding 13C-labeled acetate to growing cultures of the fungus Sphaeropsidales sp. (strain F-24'707) . 13C NMR spectral analysis demonstrated the polyketide origin of both naphthalene units. The origin of two epoxide oxygens was confirmed as from air by cultivation of the strain in an 18O2-enriched atmosphere. The [18O]incorporation pattern into palmarumycin C12 (1 1), the putative precursor of 1 led to the hypothesis that the carbonyl oxygen of 1 is derived from water by exchange of an oxygen atom. Inhibition of the biosynthesis of 1 with tricyclazole, an inhibitor of the 1,8-dihydroxynaphthalene (DHN) melanin biosynthesis, confirmed the connection of both biosynthetic pathways.
The fungal metabolite cladospirone bisepoxide1;2) (diepoxin f3), Sch535144), palmarumycin C135)) (1) is a member of the rapidly growing group of the so-called spirobisnaphthalenes showing antitumor4 6), antifungal1 3) and antibacterial1'3) activity. The absolute structure of 1 as a result of spectroscopical analysis, X-ray analysis7) and ECCDspectroscopy8) is shown in Fig. 1 . This paper deals with the biogenetic origin of all carbon atoms and oxygens of cladospirone bisepoxide (1) The aqueous phase was separated and extracted twice with ethyl acetate. The combined organic phases were dried over anhydrous sodium sulfate and evaporated to dryness. Repeated silica gel chromatography followed by a chromatography step using Sephadex LH-20 yielded pure 1 that crystallized from methanol.
Feeding Experiments
The NMRsignals of 1 were assigned unambigously by 2D-NMRmeasurements in CD3OD. Feeding of sodium [1-13C] acetate resulted in signal enhancement of C-2, C-4, C-5, C-7, C-8a, C-l\ C-3\ C-4a', C-6 and C-8' as depicted in Table 1 . The 13C NMRspectrum of 1 after feeding of sodium [l,2-13C2] acetate showed complex signals for each carbon from both possible incorporation patterns in each half of the molecule resulting in four isotopomers (Fig. 2) . a-isotopic shifts in the 13C NMRspectrum for C-2 (28 ppb), C-3 (33ppb), C-4a (34ppb) and C-8a (25ppb).
During the same experiment palmarumycin C12 (ll)5) (71 %18O incorporation) was obtained that showed a-isotopic shifts forà¬-2 (29ppb), C-3 (33 ppb) and C-8 (1 1 ppb).
Discussion
Our experiments have provided a nearly complete picture of the biosynthesis of cladospirone bisepoxide (1) . There is evidence that both naphthalene moieties derive from the The biosynthetic pathway of DHNmelanin has been elucidated using melanin-deficient mutants of the fungi Wangiella dermatidis\ Colletotrichium lagenarium, Magnaporthe grisea and Verticillium dahliae which accumulate shunt products and exhibit pigmentation phenotypesn~18). The biosynthesis in C. lagenarium starts from pentaketide synthesis and proceeds to form scytalone (3) via reduction of 1,3,6,8-tetrahydroxynaphthalene (2) , the first free product of the polyketide synthase. Dehydration of3 to 1,3, In contrast to the fungal PKS recent findings suggest the involvement of a chalcone synthase (CHS) in the biosynthesis of similar compoundsfrom bacteria2*~24). Funa et ai25) isolated the first bacterial chalcone synthase (CHS) and the corresponding gene from Streptomyces griseus that produces a red-brown pigment and they were able to show the synthesis of2 in vitro using the purified enzyme.
Besides newspirobisnaphthalenes and the newmacrolide mutolide6) we were able to isolate palmarumycin C2 (9), palmarumycin C3 (10) and palmarumycin C12 (ll)5) from the fungus F-24'707 by variation of the culture conditions9).
In addition with palmarumycin CPt (8) which was isolated from the fungus Coniothyrium palmarum21^these compounds are putative intermediates in the biosynthesis of 1 and further evidence for this hypothesis wasthe isolation of the first 'open chain' palmarumycin from C. palmarum2S\
Following this hypothesis cladospirone bisepoxide is the last product of a stepwise oxygenation that starts with the oxidative coupling of two DHNmolecules. Interestingly, the similar 'open chain' compound 7 and the first cyclisation product 8 could not yet be detected in the fermentation broth of the fungus F-24'707.
However, cladospirone bisepoxide (1) is a highly oxygenated compoundand 7 and 8 as putative intermediates may be rapidly oxidized to the isolated membersof this interesting group of compoundsduring the fermentation process. The last step of this pathway is the epoxidation of palmarumycinC12 (ll) followed by proton rearrangement which is accompanied by oxygen exchange at C-8 leading to 1. This reaction may start with the attack of water at C-8 of ll resulting in the hydrate of 1, which looses water in an equilibrium.
Although addition of 9 and 10 to growing cultures of the strain and simultaneously addition of tricyclazole did not lead to production of 1 in a detectable amount, further experiments feeding labeled palmarumycin C12(ll) are planned. To exclude a failure of these experiments due to cell permeability problems of the highly lipophylic precursors, experiments with a cell-free system are in progress.
Experimental General 13C NMRspectra of pure cladospirone bisepoxide (1) degreased soy bean meal 2% and oat meal 2% in deionized water without pH adjustment. The cultures were inoculated with 2.5vol-% of a pre-culture grown for 72hours on a rotary shaker at 250rpmand 28°C. The precursors were added to each culture following the pulse feeding method in lml portions at 32, 35, 38, 41 and 44hours after incubation.
For the incorporation of 18O2 the following experiment was conducted: The cultures were grown until the start of the production phase (25 hours). After flushing the flasks with nitrogen for 3minutes they were connected to a apparatus described previously29). From 25 to 43 hours pure 18O2 (1260ml) was fed to the culture followed by addition of 400ml of 16O2 for the last 5hours. The rate of oxygen consumption remained steady within the range of 30-40 ml/hour (4X 100ml culture in 350ml-Erlenmeyer flasks with three intrusions) over the production phase hour). The cultures were harvested after 48 hours.
Inhibition of the Cladospirone Bisepoxide Biosynthesis by Tricyclazole
Fermentation was carried out as described for biosyn-Scheme 1. Proposed intermediates of the cladospirone bisepoxide biosynthesis. 1, 3, 6, (2), scytalone (3), 1,3,6-trihydroxynaphthalene (4)? vermelone (5), 1,8-dihydroxynaphthalene (6), palmarumycin CP{ (8), palmarumycin C2 (9), palmarumycin C3 (10), palmarumycin C12 (ll), cladospirone bisepoxide (1).
T: Inhibition site oftricyclazole. thetic studies but with addition of tricyclazole (BASF AG, Ludwigshafen; 0.1, 1 and lOmg/litre) from the beginning of the fermentation. After 72hours the cultures were harvested and worked-up as described before. TLC analysis of the ethyl acetate extract showed no detectable amount of 1 for the different concentrations of tricyclazole.
Isolation of 1
An equal amountof ethyl acetate was added to the culture broth and the mixture was homogenized for 5 minutes with a blender (Ultra-Turrax, Janke & Kunkel KG). 
